A method has been developed to form two quantum dot systems in lateral arrangement in a two-dimensional electron system of a GaAs-AlGaAs heterostructure with strong capacitive interdot coupling. In the authors' design, the interdot capacitance can reach more than one-third of the single-dot capacitance while tunneling between the dots is excluded. This has been achieved by a floating metallic electrode covering both quantum dots, a method already used in split-gate designs before. Here, however, they have reduced the capacitive coupling of this floating gate to other electrodes in the surroundings by an etching technique to obtain a large interdot coupling. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2778542͔ Due to their high degree of tunability, quantum dot systems are convenient model systems to study electrical transport through localized electronic states coupled to leads. While Coulomb blockade and single-electron tunneling describe their transport properties well at higher temperature, under certain conditions a Kondo-correlated state might form at low temperature based on the analogy to the Anderson impurity model, which makes the quantum dot system highly conductive. Two quantum dot systems with electrostatic interaction have a characteristic ͑honeycomblike͒ charge stability diagram as a function of two gate voltages that shift the electrostatic potentials of the quantum dots. In certain regions of the charge stability diagram where the electrostatic interaction plays a dominant role, such a system represents a pseudospin realization of the Anderson impurity model. 1 The description in terms of single-electron tunneling breaks down. Moreover, it has been predicted that the interplay between spin and pseudospin degrees of freedom forms an SU͑4͒ Kondo state in this system under appropriate conditions.
Due to their high degree of tunability, quantum dot systems are convenient model systems to study electrical transport through localized electronic states coupled to leads. While Coulomb blockade and single-electron tunneling describe their transport properties well at higher temperature, under certain conditions a Kondo-correlated state might form at low temperature based on the analogy to the Anderson impurity model, which makes the quantum dot system highly conductive. Two quantum dot systems with electrostatic interaction have a characteristic ͑honeycomblike͒ charge stability diagram as a function of two gate voltages that shift the electrostatic potentials of the quantum dots. In certain regions of the charge stability diagram where the electrostatic interaction plays a dominant role, such a system represents a pseudospin realization of the Anderson impurity model. 1 The description in terms of single-electron tunneling breaks down. Moreover, it has been predicted that the interplay between spin and pseudospin degrees of freedom forms an SU͑4͒ Kondo state in this system under appropriate conditions. 2, 3 The model has been applied to experiments on vertical quantum dots 4 and carbon nanotubes, 5 where leftand right-handed states in the structure form a pseudospin degree of freedom in a natural way. However, the pseudospin currents cannot be measured independently, and some of the parameters are not accessible to direct control and measurement. This leads to considerable uncertainty in the comparison between theory and experiment. Several groups have used split-gate structures that can, in principle, avoid these constraints. [6] [7] [8] [9] [10] Single-electron tunneling correlations between the two currents have recently been detected. 10 A floating metallic top gate was tried to enhance the interdot capacitance in another experiment. 7, 8 With split-gate structures, however, it has not been possible to get high ratios of the interdot capacitance to the total single-dot capacitance so far. This has been achieved in a heterostructure containing two stacked two-dimensional electron systems ͑2DESs͒, but at the cost of reduced controllability. 11 Although a high ratio between interdot capacitance and total single-dot capacitance is not a strict prerequisite for observing an SU͑4͒ Kondo effect, it is unlikely that a clear experimental situation can be defined in another way. In this letter, we discuss a structure that combines etched quantum dots in a shallow 2DES with the idea of a floating interdot capacitor. Similarly to the splitgate experiments, allparameters remain accessible to measurment.
The samples were produced using a GaAs/ AlGaAs heterostructure. It contains a 500 nm GaAs buffer layer, followed by a 20 nm Al 0.33 Ga 0.67 As spacer, a 20 nm Si doped layer ͑2 ϫ 10 18 cm −3 ͒, and a 10 nm GaAs cap layer. At the heterointerface 50 nm below the surface, a 2DES forms with an electron density of 3.2ϫ 10 11 cm −2 and a mobility of 3.0ϫ 10 5 cm 2 V −1 s −1 at 4.2 K. In the first electron beam lithography ͑EBL͒ step, a metallic top gate was defined together with marks for the alignment of the second EBL exposure. We used 4 nm of titanium and 16 nm of AuPd ͑60:40͒ for the metallization. In the second step, a SiCl 4 plasma was used to etch 50 nm deep trenches around the top gate in order to define the two quantum dots. Both exposures were done at an acceleration voltage of 10 kV. Figure 1 shows scanning electron microscope images of three samples. The four separated regions of the 2DES labeled GSu, GDu, GSd, and GDd are used as gate electrodes in order to tune the tunnel barriers and to change the number of electrons on the two quantum dots ͑called the "upper" and the "lower" dot from now on͒. We denote the voltages applied to these gates by V GSu , V GDu , etc. The differential conductances of both dots, central trench is interrupted, leaving a narrow bridge that accommodates the top gate. However, no current can flow between the two quantum dots because the 2DES is entirely depleted in this region. This property was tested on each sample by applying a voltage of 0.1 V to both leads of the lower quantum dot with respect to the leads of the upper quantum dot.
The geometry of the samples is determined by several length scales. First, a small depth of the 2DES is required for the top gate to be effective in mediating the interdot capacitance. Second, the Fermi wavelength should be large in order to have a discrete single-particle spectrum in the dots. Hence, low densities are required. The reduced screening at low density also enlarges the width of the depletion regions around the trenches, which is the third important length scale. As a result, the geometrical area of the quantum dots can be kept fairly large without the tunnel barriers getting inoperative. This increases the relative importance of the capacitances between the quantum dots and the top gate. In very shallow heterostructures, it can usually not be avoided to get high electron densities. To meet the requirements, we have thus selected a fairly shallow one that still possesses a moderate electron density. Finally, the fourth length scale is given by the dimensions of the trenches, which influence the electrical breakthrough voltage. We used 100 nm wide and approximately 50 nm deep trenches that could withstand the maximum voltage of ±1 V needed in the experiments.
A conductance measurement at 25 mK in the vicinity of the common pinch-off point of all four tunnel barriers is shown in Fig. 3 for the sample with the middle-sized top gate of Fig. 1͑a͒ . The gate voltages at which the individual tunnel barriers close depend on lithographical details as well as the cooling process. The common pinch-off point can be found by iteration, using the fact that each gate predominantly couples to the nearest tunnel barrier. One recognizes the typical honeycomblike charge stability diagram of a double quantum dot system. We use the capacitance coefficients defined in Fig. 2 in order to describe the system with the capacitive model reviewed by van der Wiel et al. 12 This model is valid for a double quantum dot without top gate, shown in Fig. 2͑a͒ . Our sample includes the top gate as an additional island and is more complicated at first sight, as seen in Fig.  2͑b͒ . However, as one recognizes by repeating the calculation of van der Wiel et al. 12 for the full model in Fig. 2͑b͒ , it is possible to map this system onto the simpler model of Fig.  2͑a͒ by substitution,
and for each electrode X ͕Su, GSu, Sd, …͖,
This transformation is physically reasonable because the charge of the top gate is constant, so the metal island can only be polarized. The dynamics of this polarization is fast compared to the processes that govern the conduction through the quantum dot, so as the processes inside the quasimetallic gates and leads. As a consequence, only the effective capacitances defined by Eqs. ͑1͒ and ͑2͒ are relevant for the electrical transport.
Standard measurements of the Coulomb blockade diamonds at finite source-drain bias, not shown here, provide the value Ĉ ⌺u Ϸ Ĉ ⌺d Ϸ 2.2ϫ 10 −16 F for both dot capacitances. The ratios of the effective interdot capacitance with respect to the effective total dot capacitances can be evaluated from the honeycomb diagram. 12 From the lines plotted in Fig. 3 , we obtain the following interdot capacitance ratios:
Classical electrostatic model for the double quantum dot system ͑a͒ without top gate and ͑b͒ with top gate. X stands for any of the eight electrodes in Fig. 1͑a͒ ͑Su, GSu, etc.͒. The total capacitances of the islands are denoted by C ⌺u and C ⌺d for the dots and C ⌺t for the top gate. 
The distances between Coulomb blockade peaks vary because of quantum confinement, so the peak distances u 1 + u 2 and d 1 + d 2 are larger than expected from the classical capacitive interpretation. From the variations in the measurement, we estimate the confinement energies to be 10%-20% of the electrostatic charging energies e 2 / Ĉ ⌺u and e 2 / Ĉ ⌺d . In order to keep the resulting error small, peaks with small distances were chosen for the evaluation of Eqs. ͑3͒ and ͑4͒. In a second identical sample, we also obtained an interdot capacitance ratio of more than one-third.
For comparison, the sample with the small top gate of Fig. 1͑b͒ gave a ratio of 0.26, two samples with the large top gate of Fig. 1͑c͒ had ratios between 0.19 and 0.25. If the area of the top gate is too small, the interdot capacitance is reduced. On the other hand, a too large top gate develops capacitances with respect to the surrounding electrodes ͑here especially source and drain͒, which enlarges C ⌺t in Eq. ͑1͒ and consequently reduces the interdot capacitance ratio. This is also the reason why split-gate samples cannot reach the same performance. The quantum dots are defined by the gates themselves and the gates are naturally in close proximity to the dots and the top gate, thereby screening the interdot Coulomb interaction. For example, evaluation of the data in the experiment of Chan et al. 7, 8 with the correct method ͓Eqs. ͑3͒ and ͑4͔͒ gives ratios between 0.17 and 0.19, so the top gate is less effective in this case. It is possible to achieve higher ratios using two stacked 2DESs; 11 values around 0.5 are possible. However, in this stacked design the two inplane gates cannot independently control all four tunnel barriers. If the gate voltages are tuned near the pinch-off point of one quantum dot, it is very likely that at least one of the tunnel barriers of the other dot will be closed or far open. In the first case, at least some of the parameters ͑tunnel couplings and capacitances͒ remain unknown, while in the second case, one is at best restricted to high tunnel coupling in this dot. In the lateral design presented here, the four inplane gate electrodes can be used to pinch off the four tunnel barriers, overcoming this lack of tunability.
In conclusion, we have fabricated a double quantum dot system with purely capacitive coupling between the dots by combining reactive ion etching with a floating metallic top gate. The interdot capacitance of the samples can exceed one-third of the total single-dot capacitance if a shallow 2DES with moderately high electron density is used and the top gate geometry is optimized avoiding capacitive coupling to surrounding electrodes. It is possible to tune the four tunnel barriers independently. All capacitances and tunnel couplings are accessible to measurement by standard methods. It is therefore a promising perspective to compare measurements to the solution of the extended Anderson impurity model for this structure.
